Background: Circulating prostate cells can be detected with a reverse transcription-PCR (RT-PCR) assay for prostate-specific antigen (PSA) mRNA. We have developed a new quantitative RT-PCR method for measuring PSA mRNA. Methods: The method uses a PSA-like internal standard (IS) mRNA that is added into the sample at the beginning of the RNA extraction and coamplified by RT-PCR with the PSA in the sample. After PCR amplification, the IS and PSA products are selectively detected by hybridization in a microtitration plate using probes labeled with fluorescent europium chelates.
Conclusions:
The assay provides sensitive and quantitative detection of PSA mRNA expression from blood samples and can be used to establish the clinically significant number of PSA mRNA copies in prostate cancer.
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Because of their high sensitivity and diagnostic potential, reverse transcription-PCR (RT-PCR) 4 amplification techniques have been used to detect circulating cancer cells shed by solid tumors, utilizing different markers for various tumor cells (1) (2) (3) . For the detection of prostate cells in circulation, the most widely studied target transcript is prostate-specific antigen (PSA) (4 -12 ) . However, based on the results to date, it is not yet clear whether RT-PCR will be of clinical value in the staging of prostate cancer. The efficiency of circulating tumor cells in causing metastases is controversial (13, 14 ) , and more recently, basal PSA mRNA concentrations were detected with RT-PCR in individuals without prostate cancer (15) (16) (17) (18) . The expression of PSA in a number of healthy and malignant tissues, most notably the female breast, suggests the need for quantitative RT-PCR (QRT-PCR) assays to discriminate, if possible, the expression of the PSA gene from prostatic and non-prostatic cells (19 -24 ) .
After the development of quantitative PCR, the quantitative approach was also applied to RT-PCR, which has been an efficient technique for analyzing extremely low amounts of mRNA derived from cells or tissues. Quantification of PCR and RT-PCR products is based on the use of different calibrators that have been improved during the development of the quantitative assays. The first quantitative methods used external calibrators (25 ) . In this approach the quantification was based on the measurement of the amount of amplification product in the exponential phase by reference to the dilution series of an external calibrator. However, with this type of assay the quantification was not accurate because of the variability in sample preparation and in the amplification reaction. Minor variations in the reaction conditions can be greatly magnified during the amplification process. The variations can be normalized by coamplifying the specific template with internal standard (IS) in the same reaction tube. Chelly et al. (26 ) reported the use of an endogenous IS, aldolase A, for the quantification of dystrophin gene transcripts in the sample. However, this approach allows only comparative quantification because of the differences in efficiency between the primer pairs and amplification of the endogenous calibrator and the target. For an accurate quantification, the IS and the target should be amplified with the same efficiency and the amplification products should also be of similar size. Ideally, the IS should share nearly the same sequence as the target itself so that they can be coamplified with the same primers. Moreover, the IS should contain a small difference in sequence with respect to the sample target to distinguish the target amplification product from the IS amplification product. The difference in the two targets should be as small as possible to obtain equal amplification but large enough to allow selective detection of each product. Many of the methods described with a target-like IS are based on the serial dilutions of sample or IS (27) (28) (29) (30) . These methods require preparing multiple tubes for quantification of one sample, and quantification is performed by comparing the amplification signal of the sample with the amplification signals obtained from various known amounts of IS. The simplest methods described for quantification with a target-like IS require preparation of only one tube for one sample (31) (32) (33) (34) . In these assays, the target transcripts are quantified using a constant number of IS copies in the sample and an external calibration curve.
Here we describe a QRT-PCR assay with a target-like IS to study the expression of the PSA gene. The principle of the assay is shown in Fig. 1 . The IS mRNA contains a 2-base pair deletion with respect to the PSA mRNA target. Variations in RNA extraction and RT-PCR amplification are controlled by adding the IS into the studied sample at the beginning of the total RNA extraction, after which the IS and target mRNAs are coamplified in RT-PCR reactions. PSA and IS amplification products are detected in streptavidin-coated microtitration wells using specific Eu 3ϩ -labeled hybridization probes measured by timeresolved fluorometry. Time-resolved fluorescence technology provides a rapid, sensitive, and nonradioactive method for the detection of RT-PCR amplification products (35) (36) (37) . Quantification of PSA copies required one reaction for one sample, and the number of PSA copies was calculated by comparing the PSA-to-IS fluorescence ratio of the sample to the ratio in a calibration curve covering the range of 50 to 10 6 copies of PSA mRNA. We also performed a preliminary evaluation of the method Nucleated cells are collected from the blood sample, and total RNA extraction is performed after addition of a known amount of IS mRNA to the denatured cells. PSA mRNA in the sample and IS mRNA are coamplified by RT-PCR. One of the PCR primers is biotinylated (B), which produces biotinylated amplification product. The PSA and IS PCR products are detected with specific Eu 3ϩ -chelate-labeled detection probes in the microtitration well-based hybridization assay. SA, streptavidin.
with blood samples from 10 prostate cancer patients and 34 healthy subjects.
Materials and Methods oligonucleotides
Oligonucleotides, shown in Table 1 , were synthesized with an Applied Biosystem DNA/RNA Synthesizer. Additional diaminohexanedeoxycytidine (modC) was added to the 5Ј ends of oligonucleotides to be labeled either with biotin or lanthanide chelates. The oligonucleotides to be biotinylated (f, i, and j) had one modC, and the oligonucleotides to be labeled with lanthanide chelates (g and h) had 20 modC at the 5Ј end.
Synthetic PSA and IS oligonucleotide targets and 3Ј PSA PCR primer were biotinylated with N-hydroxysuccinimide ester (Sigma Chemical), and hybridization probes were labeled with Eu 3ϩ chelate (Wallac Oy). Lanthanide chelate labeling and biotinylation were carried out as described earlier (38, 39 ) .
cell lines
The PSA-expressing human prostatic carcinoma cell line LNCaP and the non-PSA-expressing mouse myeloma cell line SP2/0 were obtained from the American Type Culture Collection. The cell lines were cultured in flasks containing Dulbecco Modified Eagle Medium (Life Technologies) with 100 mL/L fetal bovine serum (Hyclone) and maintained in a 5% CO 2 incubator at 37°C. The medium for LNCaP culture was supplemented with 1 nmol/L synthetic hormone methyltrienolone (R1881; New England Nuclear). The cells were grown until near confluency, detached, washed with phosphate-buffered saline, and counted. The LNCaP cells were detached by trypsin-EDTA treatment. The SP2/0 samples containing 2.5 ϫ 10 6 cells and the dilutions of LNCaP cells were stored at Ϫ70°C until RNA extraction.
blood specimens
Blood samples (5 mL) were collected from 10 patients with metastatic prostate cancer, 15 healthy female volunteers, and 19 healthy male volunteers. The healthy volunteers were included as controls in the study. All of the prostate cancer patients had skeletal metastases, and they were treated either by surgery or hormonal therapy ( Table 2 in vitro production and purification of psa and is mRNAs AmpliScribe TM T7 transcription kit (Epicentre Technologies) was used for the in vitro production of PSA and IS mRNAs to be used in optimization and standardization of the RT-PCR assay. Linearized pGEM3-PSA and pGEM3-IS plasmids served as templates in the in vitro transcription, and the mRNAs produced in vitro were purified on an Oligod(T)-Cellulose Type 7 column (Pharmacia) according to the manufacturer's instructions. The purified mRNA pellet was dissolved in diethylpyrocarbonate-treated water and stored in aliquots at Ϫ70°C. The amount of mRNA was quantified by spectrophotometric analysis at 260 nm. preparation of total rna EDTA blood (5 mL) was mixed with an equal volume of 20 g/L dextran in 9.0 g/L NaCl to allow red blood cells to sediment at the bottom of the tube during a 45-min incubation at room temperature (42 ) . The nucleated blood cells in the upper phase were pelleted by centrifugation at 4°C and 2000g for 10 min. Samples were processed immediately, and the time from venipuncture to obtaining the cell pellet was no more than 1.5-2 h. If RNA extraction from the pelleted cells was performed later, the cell pellets were snap-frozen in liquid nitrogen and stored at Ϫ70°C until RNA extraction. Total RNA was extracted from the pelleted nucleated blood cells, using a shortened acid guanidinium thiocyanate-phenol-chloroform method (43, 44 ) . Briefly, a known amount of PSA or IS mRNA produced in vitro was mixed with the denatured cell lysate to control the efficiency of RNA extraction. After phenol-chloroform treatment, RNA in the aqueous phase was precipitated only once with one volume of cold isopropanol at Ϫ20°C for 1 h. Samples were centrifuged at 4°C and 10 000g for 20 min and washed twice with cold 700 mL/L ethanol. The RNA pellets were air dried and dissolved in 80 L of diethylpyrocarbonate-treated water. RNA preparations were stored at Ϫ70°C until analyzed with RT-PCR assay.
rt-pcr
The PCR primers (primers e and f, Table 1 ) were designed to recognize only PSA transcripts and no other kallikreinlike transcripts. Both the 5Ј and 3Ј primers contained at their 3Ј end a sequence of 2-4 nucleotides that recognized only PSA but not tissue kallikrein (KLK1) or human glandular kallikrein 2 (KLK2) sequences. Furthermore, the primers spanned exon-intron boundaries to obtain mRNA-specific amplification and to avoid contamination from genomic DNA. In addition, one of the primers was biotinylated to capture the PCR products onto streptavidin-coated microtitration wells (DELFIA TM ; Wallac Oy). In each experiment, negative PCR samples, which contained either RNA template (no reverse transcription of RNA) or no template, were included to check for contamination.
Blood cell RNA, in vitro produced PSA mRNA, or IS mRNA were used as samples for cDNA synthesis carried out with First-Strand cDNA Synthesis Kit (Pharmacia Biotech). PSA and IS mRNA samples were diluted in 20 mg/L E. coli tRNA (Boehringer Mannheim) solution, which was used as an inert carrier RNA solution. Each reaction (final volume, 15 L) contained 8 L of RNA sample and 0.2 g of universal oligo-d(T) 18 primer mixed in a reverse transcription reaction mixture. Before PCR amplification, the cDNA samples were heated at 95°C for 5 min to denature the reverse transcriptase.
A 5-L cDNA sample was amplified under a layer of mineral oil (Sigma) in a 100-L PCR reaction that consisted of 10 mmol/L Tris-HCl, pH 8. detection of the pcr products by hybridization assay A 10-L aliquot of PCR product and 50 L of DELFIA Assay Buffer containing 1 mol/L NaCl was added into each streptavidin-coated microtitration well. Each PCR product was added into four wells; the first two replicas were detected with the PSA hybridization probe and the second two replicas with the IS hybridization probe. Biotinylated PCR products were captured onto the wells by incubation at room temperature with slow shaking for 30 min. After the capture reaction, the wells were washed three times with DELFIA Wash Solution, and 100 L of 50 mmol/L NaOH was added into each well to denature the double-stranded PCR products. Denaturation was carried out by incubation at room temperature with slow shaking for 5 min, and the denatured DNA strand was removed by washing three times as described above. The captured DNA strand was detected by adding 100 L of hybridization solution containing 20 pg/L of detection probe (g or h; Table 1 ) in DELFIA Assay Buffer containing 1.0 g/L nonfat milk powder and 1 mol/L NaCl. The specific hybridization probes for PSA and IS were designed to contain a sequence with the greatest difference between the sequences of PSA and the other kallikreins (KLK1 and KLK2). The hybridization probe for PSA (probe g) contained 8 mismatches with respect to the KLK1 sequence and 7 mismatches with respect to the KLK2 sequence, whereas the hybridization probe for IS (probe h) contained 10 and 9 mismatches with respect to the KLK1 and KLK2 sequences, respectively. After hybridization at 50°C for 2 h, the wells were washed six times with 55°C DELFIA Wash Solution. DELFIA Enhancement Solution (200 L) was added into each well, and after shaking for 30 min at room temperature, the fluorescence of the Eu 3ϩ chelates was measured with a 1234 DELFIA Plate Fluorometer. All of the DELFIA reagents and instrumentation were from Wallac Oy.
Results hybridization assay
The reaction conditions of the hybridization assay were optimized using biotinylated PSA and IS oligonucleotide targets (i and j; Table 1 ). The best efficiency in hybridization was obtained after a 2-h incubation with hybridization solution containing 20 pg/L labeled detection probe, 1 mol/L NaCl to enhance the hybridization, and 1.0 g/L nonfat milk powder to block nonspecific background signal.
Nonspecific binding of the IS probe to the PSA target was significantly decreased by using a hybridization temperature of 50°C and a washing temperature of 55°C after hybridization. The IS probe detected the PSA amplification product from 10 5 PSA mRNA molecules with 4.5% cross-reactivity when a hybridization and wash temperatures were 45°C, and with 3.9% cross-reactivity when the hybridization and wash temperatures were 50°C. However, the IS probe showed no cross-reactivity with the PSA target when a hybridization temperature of 50°C, a washing temperature of 55°C, and 10 3 to 10 6 PSA mRNA molecules for amplification were used. Slight (0.4%) cross-reactivity of the IS probe to the PSA target was detected only after amplification of 10 7 PSA mRNA molecules. The PSA probe showed no detectable crossreactivity with the IS amplification product when the different temperatures were tested and 10 3 to 10 7 IS mRNA molecules were used as templates in RT-PCR. The difference between the nonspecific binding of the IS probe to the PSA target and the PSA probe to the IS target is attributable to the stability of the mismatches. The mismatch between the IS probe and the amplification product of 10 7 PSA mRNA molecules is more stable than the mismatch between the PSA probe and the IS target.
is and psa mRNA The pGEM3-IS plasmid was confirmed to contain the desired 2-base pair deletion by nucleic acid sequencing of the plasmid (nt 333-814). IS and PSA mRNAs produced in vitro were purified on Oligo-d(T)-Cellulose columns to obtain pure IS and PSA mRNAs containing the poly(A) tail. The purified IS and PSA mRNAs were run on 0.7% agarose gels to check the size and quality of the purified mRNAs. The expected 1.5-kb bands of the purified IS and PSA mRNAs were observed on the gels.
validation of the rt-pcr assay
During optimization of the PCR, the efficiency of the amplification as a function of primer concentrations was studied by analysis of different dilutions of the PCR amplification products with the hybridization assay. The dilution experiments showed the highest amount of amplification product was obtained using 0.1 mol/L biotinylated 3Ј primer (primer f) and 0.2 mol/L 5Ј primer (primer e). In addition, the dilution experiments revealed the large excess of biotinylated primer competed with the biotinylated PCR product for the biotin binding sites of the solid phase. The amount of the biotinylated 3Ј primer was reduced to avoid the dilution step of the amplification products before the hybridization assay and to obtain reliable detection of the amplification products. Part of the biotinylated 3Ј primer was replaced with unlabeled 3Ј primer to adjust the total concentration of these two forms of 3Ј primers to 0.1 mol/L. The optimal primer concentrations were 0.035 mol/L biotinylated 3Ј primer, 0.065 mol/L unlabeled 3Ј primer, and 0.2 mol/L 5Ј primer.
The RT-PCR assay was validated by first studying the efficiency of PCR amplification of full-length IS and PSA cDNA targets and then the performance of RT-PCR amplification of IS and PSA mRNA targets. The amplification of RT-PCR and PCR reactions were compared using different dilutions of PSA and IS molecules. The reactions contained 10 5 IS copies in each of the PSA dilutions of 10 3 to 10 7 molecules. PCR and RT-PCR amplifications produced similar fluorescence signals and PSA to IS ratios, which indicated that the reverse transcription and PCR reactions performed equally (Fig. 2) .
Interference between the amplification of the PSA and IS targets was studied by amplifying various known amounts of one target mRNA with a constant amount of the other target mRNA. Reactions containing a dilution of only one target were used as reference. Fig. 3 shows the result of the amplification of various numbers of PSA molecules with and without the constant amount of IS molecules. After coamplification with PSA, the fluorescence signal of 10 4 IS molecules remained almost unchanged, whereas the signal of 10 5 IS molecules decreased as the number of PSA targets increased. This indicates the use of not more than 10 4 IS mRNA copies for coamplification with PSA to obtain a wide linear range for the quantification of PSA mRNA. The results show that 10 3 to 10 6 copies of PSA mixed with 10 4 copies of IS are amplified independently from each other until the amplification reaches the saturation phase. Furthermore, the saturation phase of PCR had a similar effect on both targets because the PSA/IS ratios of the amplification products were linear, as shown in Fig. 2 . Similar results were obtained from amplification of various numbers of IS mRNA with constant amounts of PSA mRNA (data not shown).
The amplification efficiency of the two targets was determined by amplifying the same amount of mRNA molecules for different numbers of PCR cycles, and the determination of the efficiency was based on the equation for exponential growth (45 ) :
where c is the number of amplification cycles, N i is the initial amount of target, N c is the amount of product generated after c amplification cycles, and f is the amplification efficiency. In a plot of logN c vs cycle number, the slope of the curve is log(1 ϩ f ). As shown in Fig. 4 , PSA and IS mRNA targets are reverse transcribed and amplified with the same efficiency. The curves for logN c vs cycle number generated for the PSA and IS products should be parallel (i.e., equal slopes) if the amplification efficiency of the two targets is the same. In other words, a plot of the log ratio of PSA/IS vs amplification cycles will generate a horizontal line if the efficiency of the amplifications is the same for both targets.
rna extraction
RNA was first extracted by the traditional guanidinium thiocyanate-phenol-chloroform method described by Chomczynski and Sacchi (43 ) , but no IS amplification product was recovered from the blood cell samples to which IS mRNA had been added before RNA extraction. However, some of the IS signal was recovered after additional purification of the RNA pellet with 700 mL/L ethanol. Therefore, a modified version of the guanidinium thiocyanate-phenol-chloroform method (44 ) was used. This method differed from the traditional one in the second RNA precipitation and ethanol washes of the pellet.
To further study the efficiency of RNA extraction, various known amounts of PSA mRNA with constant amounts of IS mRNA molecules were mixed with denatured nucleated blood cells extracted from EDTA blood collected from healthy female volunteers. Total RNA was extracted from the samples, and one-tenth of each RNA preparation was reverse transcribed. For comparison, corresponding PSA and IS mRNA dilutions were performed in tRNA carrier solution to be reverse transcribed into single-stranded cDNA. The amplification results of these two dilution series were compared (Fig. 5) . Although the recovery in RNA extraction varied considerably, and ranged from 50% to 80%, the ratio of PSA/IS in the RNA extracted and in the reference samples stayed almost the same, which illustrated the need to add IS mRNA at the beginning of the RNA extraction step.
detection limit and reproducibility
During the optimization, we first determined the detection limit and linearity of the PSA and IS hybridization assays to detect DNA targets separately from the detection characteristics of the whole QRT-PCR assay. The detection limit (2 times the mean of the zero signal in the hybridization assay) and the linearity of the PSA and IS hybridization assays were determined with synthetic PSA and IS oligonucleotide targets (targets i and j; Table 1 ). The detection limit of the PSA hybridization assay was 4.8 ϫ 10 8 synthetic DNA molecules and that of the IS hybridization assay was 3.2 ϫ 10 8 synthetic DNA molecules (data not shown). Both hybridization assays were linear up to 3.0 ϫ 10 10 molecules. For the whole QRT-PCR assay, a calibration curve was generated using various known amounts of PSA mRNA molecules containing 10 3 IS mRNA copies for quantification of PSA mRNA copies in a sample (Fig. 6) . The detection limit of the QRT-PCR assay was set as 2 timesthe mean of the zero signal, which corresponded to a detection limit of 50 PSA copies in RT-PCR when 28 PCR cycles were used. The assay was linear up to 10 6 input molecules of PSA in the RT-PCR reaction. When one-tenth (8 L of 80 L) of each sample was analyzed, the limit of detection corresponded to 500 PSA mRNA copies in 5 mL of blood or in 5 ϫ 10 6 to 10 ϫ 10 6 nucleated blood cells. The constant amount of 10 3 IS mRNA molecules was chosen to be the smallest suitable amount of IS mRNA that allowed a wide linear range for quantification of PSA mRNA. Furthermore, the independent amplification of the PSA and IS targets and the equal amplification efficiency of these two targets allowed the use of 10 3 IS mRNA molecules. In addition, the presence of the slight cross-reactivity (0.4%) of the IS hybridization probe detected with the high amount of PSA amplification product (from 10 7 or more mRNA molecules) could be avoided by adjusting the calibration curve points up to no more than 10 6 input molecules of PSA mRNA. The reproducibility (within-run) of the RT-PCR assay was tested (n ϭ 5) with samples containing 50, 10 4 , and 10 6 PSA mRNA copies (and 10 3 IS mRNA copies for quantification). The CVs were 13%, 2.5%, and 14%, respectively. In addition, the reproducibility of the assay was studied with dilution series (n ϭ 4) containing 1 to 10 3 LNCaP cells in 2.5 ϫ 10 6 PSA-negative SP2/0 cells (Fig. 7) . The SP2/0 RNA did not yield amplification product in the PSA RT-PCR assay. This method detected 1 LNCaP cell in 2.5 ϫ 10 6 SP2/0 cells. The mean number of PSA mRNA copies was 1.3 ϫ 10 3 in 1 LNCaP cell, with an SD of 800. Two different dilution series contained various known amounts of PSA mRNA with 10 3 molecules of IS mRNA. f, the result from RT-PCR-amplified dilution series containing pure PSA and IS mRNAs in tRNA carrier solution. OE, the amplification result from extracted blood RNA samples containing PSA and IS mRNAs. The curve was built with a constant amount of 10 3 IS mRNA copies and a 28-cycle PCR protocol.
quantification of psa mRNA molecules
The QRT-PCR assay was further validated with blood samples from prostate cancer patients and healthy controls. The RNA samples were analyzed three times to confirm the results. Sixty percent of the samples from prostate cancer patients with skeletal metastases (n ϭ 10) gave results above the detection limit with the total number of PSA mRNA copies ranging from 900 Ϯ 200 to 44 100 Ϯ 4900 (mean Ϯ SD) in 5 mL of blood ( Table 2) . None of the 15 healthy female controls and 2 of 19 healthy male controls had PSA mRNA signals above the detection limit [700 Ϯ 100 and 2000 Ϯ 900 (mean Ϯ SD) copies of PSA mRNA in 5 mL of blood (Table 2) for the 2 male volunteers].
Discussion
The QRT-PCR assay described here provides a specific and sensitive method for quantifying PSA mRNA transcripts from blood samples. To date, many of the QRT-PCR assays have used DNA calibrators that are added into the sample at the PCR amplification step (29, 46 ) . DNA calibrators, however, do not control the variations during reverse transcription; therefore, the use of RNA calibrators has been suggested (27, 28 ) . The present QRT-PCR assay differs from other PSA RT-PCR assays described previously by enabling accurate quantification of PSA mRNA copies with the help of a PSA-like IS mRNA added into the studied sample at the beginning of the RNA extraction. The yield in RNA extraction was between 50% and 80%; therefore, IS mRNA was needed to normalize the variations from the beginning of the assay.
For the production of IS mRNA, the PSA-like IS cDNA was constructed by means of a splice overlap extension PCR method (41 ) . This produced a 2-base pair deletion in the PSA cDNA fragment in the middle of the hybridization area of the PSA detection probe. The deletion allowed us to design a specific detection probe for the IS. The difference between the PSA and IS sequences was kept as small as possible to obtain equal amplification of the two targets in RT-PCR and to perform an accurate quantification of PSA mRNA copies in the sample. The use of IS mRNA enabled the analysis of multiple samples with a single set of calibrators over a wide range (50 to 10 6 PSA mRNA copies in one reverse transcription reaction) without multiple assays for the titration of each sample.
The clinical utility of RT-PCR assays in the staging of prostate cancer has been controversial. Results have shown that a preoperatively positive PSA RT-PCR result can predict the final pathological stage and prognosis in radical prostatectomy patients (6, 8, 10 -12 ) . However, some studies have shown that a positive PSA RT-PCR result does not correlate with the pathological stage of prostate cancer or biochemical tumor recurrences (5, 15, 47 ) . In addition to the controversial results obtained from cancer samples, the expression of the PSA gene in individuals without prostate cancer (15) (16) (17) (18) , in healthy human tissue (21, 22 ) , and in breast tumors (19, 20, 22 ) 5 lymphocytes by using a single PCR, Southern blotting, and digoxigeninenhanced detection of the PCR products. In QRT-PCR approaches, improved sensitivities have been obtained (15, 17, 48 ) . Sokoloff et al. (15 ) reported the detection of 1 prostate cancer cell in 10 mL of whole blood or in 10 ϫ 10 cDNA from pGEM-PSA7 plasmid and ϳ1.9 LNCaP cells in 10 6 peripheral blood mononuclear cells. The controversy on the utility of RT-PCR methods in molecular staging is probably attributable to the variations between different assays. As the detection sensitivities have improved, the number of reports on basal or illegitimate expression of PSA mRNA copies has also increased. Based on the results to date, it has been suggested that more standardized and quantitative RT-PCR assays should be used to study the clinical utility of the RT-PCR assays in the management of prostate cancer patients (17, 18, 47, 49 ) . Special attention should be paid to variations during sample collection and preparation to obtain RNA with good quality and quantity. Equally important is standardization of the assay conditions in RT-PCR amplification and in detection of the amplification products to obtain reproducible and reliable results.
In our study, variations during RNA extraction of the sample, RT-PCR amplification, and detection of the amplification products were controlled with a PSA-like IS. PSA and IS targets were coamplified by RT-PCR, and after a single PCR, the PSA and IS amplification products were detected in separate streptavidin-coated microtitration wells with specific Eu 3ϩ -chelate-labeled oligonucleotide probes. The use of only one PCR with a relatively small number of cycles (28 cycles) obviated the possibility of contamination associated with a high number of PCR cycles or nested PCR. The use of 28 cycles produced a detection limit of 50 PSA copies and linearity up to 10 6 copies. In addition to the 28 PCR cycles, the cancer samples were amplified for 35 PCR cycles (data not shown). When quantified, the number of PSA copies was shown to be approximately the same regardless of whether 28 or 35 cycles were used. However, the use of 35 cycles produced a higher background and higher risk for contamination. Therefore, the use of 28 cycles was preferred.
The specific oligonucleotide hybridization assay performed in microtitration wells allowed simultaneous detection of large numbers of samples and was more practical to perform than analyses based on gel electrophoresis, Southern transfer, and membrane hybridization. The use of lanthanide chelates and time-resolved fluorometry provided a rapid, accurate, and nonradioactive method (35) (36) (37) . In addition, the time-resolved fluorescence technology provided numerical results that were easy to interpret and useful for quantification. Different steps of the assay were optimized one at a time to obtain a low limit of detection and high specificity of the RT-PCR assay for PSA mRNA. The identical efficiency of amplification of the PSA and IS targets allowed quantification of PSA mRNA copies in samples. In addition, the PSA and IS targets were amplified independently from each other until the amplification reached the saturation phase. The saturation phase had an effect on the amplification of the PSA and IS samples when the total number of target molecules was high (10 6 to 10 7 PSA molecules, 10 5 IS molecules). During the saturation phase, the amount of IS amplification product from 10 5 molecules decreased, and the increase in the amount of PSA amplification product from 10 6 to 10 7 molecules reached a plateau as well (Fig. 3) . With this method, we could detect 1 LNCaP cell in 2.5 ϫ 10 6 SP2/0 cells with a mean of 1.3 ϫ10 3 (Ϯ 800) PSA mRNA copies in 1 LNCaP cell. The limit of detection was 500 PSA mRNA copies in 5 mL of blood or in 5 ϫ 10 6 to 10 ϫ 10 6 nucleated blood cells. Therefore, the limit of detection could correspond to ϳ1 PSA mRNA-producing cell in 5 ϫ 10 6 to 4.2 ϫ 10 7 nucleated blood cells if each prostate cancer cell contains 500-2100 copies of PSA mRNA.
We determined the number of PSA mRNA copies in peripheral blood samples from 10 patients with metastatic prostate cancer, 19 healthy male subjects, and 15 healthy female subjects. In prostate cancer patients with skeletal metastases, 60% gave a result above the detection limit with the total number of PSA mRNA copies ranging from 900 Ϯ 200 to 44 100 Ϯ 4900 (mean Ϯ SD) in 5 mL of blood. This corresponded to approximately 1-100 PSA-expressing cells in 5 mL of blood or in 5 ϫ 10 6 to 10 ϫ 10 6 nucleated blood cells. However, the different therapies of the prostate cancer patients might have had an effect on the expression and number of PSA mRNA copies (6 ), or the poorly differentiated prostate cancer cells may have lost their ability to express PSA (50 ) . None of the 15 healthy female controls and 2 of 19 healthy male controls had a PSA signal above the detection limit [700 Ϯ 100 and 2000 Ϯ 900 (mean Ϯ SD) copies of PSA mRNA in 5 mL of blood for the 2 male volunteers]. Gala et al. (18 ) studied the PSA expression in nondiseased blood samples and reported PSA mRNA in 11.8% (2 of 17) and 28.6% (4 of 14) of healthy men and women, respectively. However, after multiple testing, the positivity for PSA mRNA dropped to 3.0% in men and 9.8% in women. Our results of the three analyses of the same RNA samples showed that 40% (4 of 10) of the patients with advanced prostate cancer were negative and 10% of the healthy male controls were positive for PSA mRNA, which questions the clinical value of RT-PCR for PSA mRNA in the diagnosis and monitoring of prostate cancer (50 ) . Although, PSA is one of the most specific tumor markers, the finding of PSA mRNA in samples from healthy donors restricts the ability of RT-PCR assays to detect micrometastatic tumor cells. This reflects the lack of tumor specificity of PSA (51 ) . Another drawback of this assay is that it cannot distinguish whether the number of PSA mRNA copies indicates a few cells that contain many PSA mRNA molecules or many cells that contain a few PSA mRNA molecules. However, this quantitative assay provides a valuable tool for further studies to establish the clinically significant number of PSA mRNA copies and to determine the number of PSA mRNA copies in PSA-expressing cells. Furthermore, the clinical utility of this quantitative assay needs to be demonstrated by studying a more extensive
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In conclusion, this QRT-PCR assay provides sensitive, quantitative, and linear detection of PSA gene expression from blood samples. The method involves the use of an IS mRNA that is coextracted and coamplified with PSA mRNA in the sample. This allows an accurate quantification of PSA mRNA copies in the sample. This assay can be used to establish the clinically significant number of PSA mRNA copies in prostate cancer cases. The ultimate impact of this technique in the molecular staging of prostate cancer will require continued investigation.
